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1
OPTICAL PARAMETRIC OSCILLATOR
PUMPED BY FEMTOSECOND THIN-DISK
LASER

CROSS REFERENCED TO RELATED
APPLICATIONS

This application is a U.S. National Phase patent application
of PCT/US2012/023456, filed Feb. 1, 2012, which claims
priority to U.S. patent application Ser. No. 13/023,280, filed
Feb. 8, 2011, all of which are hereby incorporated by refer-
ence in the present disclosure in their entirety.

TECHNICAL FIELD OF THE INVENTION

The present invention relates in general to lasers delivering
pulsed radiation at pulse widths of less than about 300 fem-
toseconds and greater than 10 MHz repetition rates. The
invention relates in particular to optical parametric oscillators
pumped by such lasers.

DISCUSSION OF BACKGROUND ART

Multi-photon excitation using ultrafast lasers is a common
technique for generating 3D images of biological tissue with
a spatial resolution in the sub-micron range. A usual laser
source for this application is a tunable Ken-lens mode-locked
Ti:Sapphire laser with an average output power between 1
and 3 Watts (W) at a pulse-repetition frequency (PRF) of
about 80 Megahertz (MHz) and a pulse duration between
about 70 and 140 femtoseconds (fs). The typical tuning range
of'such a laser covers a wavelength range between about 680
nanometers (nm) and about 1080 nm. Extension of the tuning
range into the infrared (up to 2 um) can be accomplished by
using the output of the laser to pump an external optical
parametric oscillator (OPO).

One significant disadvantage of a Ti-Sapphire laser is that
it must be pumped at a wavelength of 532 nm using a fre-
quency doubled diode-pumped solid-state (DPSS) laser with
an output power in a range between about 5 W and 20 W to
generate the gain in the Ti:Sapphire gain-medium of the laser
and to achieve an output power of greater 1 W. Such a fre-
quency-doubled DPSS laser is relatively expensive, and can
have a cost comparable to the Ti:Sapphire resonator.

There is a need for a more cost effective ultrafast laser
source that is tunable over several hundred nm in the visible
and infrared (IR) and can deliver pulses having a duration of
100 fs or shorter. One possible approach is to use a laser
having a gain-medium that has a wide gain-bandwidth, for
example 10 nm or greater that can be pumped by standard
diode-lasers and is power-scalable to several Watts of output
power. Ytterbium (Yb) doped gain-media in bulk or fiber
form meet these requirements. However, while output powers
exceeding 100 W range have been achieved with 9XX-nm
diode-pumped mode-locked Yb-doped fiber MOPAs (master-
oscillator power-amplifiers) and Yb-doped solid state thin-
disk lasers, it is technically difficult to achieve sub-100 fs
pulse durations at 80 MHz PRF at these power levels.

FIG. 1 is a plot summarizing published average-power and
pulse-duration results for mode-locked lasers including vari-
ous bulk Yb-doped gain-media. Results for media in disk
form are indicated by a letter D beside symbols identifying
the gain-media. Yb-doped yttrium aluminum garnet (Yb:
YAQG), yttrium-doped potassium gadolinium tungstate (Yb:
KGW), yttrium-doped potassium yttrium tungstate (Yb:
KYW), yttrium-doped potassium lutetium tungstate (Yb:
KLuW), yttrium-doped lutetium oxide (Yb:Lu,0;), and
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yttrium-doped lutetium scandium sesquioxide (Yb:LuScO;).
Other less commonly used materials are collectively summa-
rized under the symbol for Yb:XXX. Pulse repetition fre-
quencies of the examples are in a range between about 60 and
100 MHz. It can be seen from the plot that the gain-media in
thin-disk form provide the highest powers, but, in general, it
can be seen that whatever the form of the gain-medium,
higher power is accompanied by longer pulse-duration.

Pulses having a duration of less than 100 fs have been
demonstrated using mode-locked Yb-doped fiber ring-lasers.
However, these fiber ring-lasers use nonlinear polarization
rotation as the mode-locking mechanism, and this mecha-
nism is very sensitive to environmental changes and is not
suitable for lasers which will be used in a commercial envi-
ronment. Yb Fiber MOPAs and oscillators have also achieved
sub 100 fs pulse durations, but due to strong nonlinear effects
in the fiber amplifiers, the pulse shapes of these lasers usually
comprise undesirable sidelobes.

In order to provide a cost effective tunable ultrafast laser it
will be necessary to overcome above discussed scaling prob-
lems of mode-locked Yb-doped laser sources.

SUMMARY OF THE INVENTION

In one aspect, laser apparatus in accordance with the
present invention comprises a mode-locked laser including a
ytterbium-doped solid state gain-medium. The mode-locked
laser is arranged to deliver mode-locked laser-radiation
pulses having a fundamental wavelength, a first spectral
bandwidth, and a first pulse-duration. A passive medium is
arranged to receive the mode-locked pulses from the mode-
locked laser and broaden the spectral bandwidth of the pulses
to a second spectral bandwidth. A pulse compressor is pro-
vided for compressing the duration of the bandwidth-broad-
ened pulses to a second duration shorter than the first dura-
tion. A first optically nonlinear crystal is arranged to
frequency-double the fundamental wavelength of the com-
pressed pulses to provide frequency-doubled pump-pulses
having a wavelength one-half that of the fundamental wave-
length. An optical parametric oscillator is arranged to be
optically pumped by the frequency-doubled pump-pulses.
The optical parametric oscillator has a resonator including a
second optically nonlinear crystal arranged to frequency-
convert the frequency-doubled pump-pulses to signal-pulses
having a wavelength longer than that of the frequency-
doubled pump-pulses and tunable within a predetermined
range.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, schematically illus-
trate a preferred embodiment of the present invention, and
together with the general description given above and the
detailed description of the preferred embodiment given
below, serve to explain principles of the present invention.

FIG. 1 is a plot schematically illustrating a relationship
between power output and pulse duration in prior-art mode-
locked lasers based various ytterbium-doped solid-state gain-
media.

FIG. 2 schematically illustrates one preferred embodiment
of'an ultrafast laser in accordance with the present invention,
including a pulsed Yb:K'YW laser mode-locked by a saturable
absorbing mirror, with output pulses of the laser coupledto a
length of passive single mode fiber to increase spectral band-
width of the pulses, a pulse compressor for shortening the
duration of the pulses to about 100 fs or less, an optically
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nonlinear crystal arranged to frequency double the com-
pressed pulses, and an OPO pumped by the frequency-
doubled compressed pulses and arranged to generate 100 fs
pulses tunable over the spectral range characteristic of a
Ti:Sapphire laser.

FIG. 3 schematically illustrates another preferred embodi-
ment of an ultrafast laser in accordance with the present
invention, similar to the apparatus of FIG. 2 but wherein the
OPO includes a second-harmonic generating crystal and
delivers output pulses tunable over a wavelength range about
one-half the tunable range of the apparatus of FIG. 2

FIG. 4 schematically illustrates yet another preferred
embodiment of an ultrafast laser in accordance with the
present invention, similar to the laser of FIG. 3 but wherein
the pulsed Yb:KYW laser is mode-locked by a Kerr lens
mode-locking arrangement.

DETAILED DESCRIPTION OF THE INVENTION

Continuing with reference to the drawings, wherein like
components are designated by like reference numerals, FIG.
2 schematically illustrates one preferred embodiment 10 of
tunable ultrafast laser apparatus in accordance with the
present invention. Apparatus 10 includes a mode-locked thin-
disk solid state laser 12 having a resonator 13 terminated by a
saturable semiconductor mirror 14 on a substrate 16 and a
concave output-coupling mirror 18. Laser 12 includes a thin-
disk solid state gain-medium 20 having a highly reflective
mirror backing 22 in thermal contact with a heat sink 24. The
mirror backing serves as a fold mirror for resonator 13.

Pump radiation from a diode-laser or a diode-laser array is
directed into the gain-medium through the surface thereof
opposite the backing mirror. The combination of energizing
of the gain medium by the pump radiation and saturable
semiconductor mirror 14, causes mode-locked pulsed opera-
tion of the laser at a pulse repetition frequency (PRF) deter-
mined by the round-trip time in resonator 13.

Gain medium 20 is a Yb-doped solid-state gain-medium.
One preferred gain medium is Yb:KYW, however, any other
Yb:doped gain medium including Yb: YAG, Yb:KGW, Yb:K-
LuW, Yb:Lu,0;, Yb:LuScO; can be used. Circulating funda-
mental pulsed radiation is indicated by arrowheads F. Mirror
18 is partially-reflective and partially-transmissive at funda-
mental wavelength for delivering pulses out of resonator 13.
Depending on the gain material used, the pulses will have a
natural center fundamental wavelength in a range between
about 1025 nm and 1040 nm and a spectral bandwidth of up
to about 10 nm. By way of example, a natural fundamental
wavelength in this range for Yb:KYW is 1028 nm. Pulse
duration will be between 200 and 400 femtoseconds. Antici-
pated average power in the mode-locked pulses for a resona-
tor having a length of 1.875 meters, with a pump-power into
the gain-medium of about 40 W is about 10 W at a PRF of
about 80 MHz.

Pumping of the gain-medium is depicted in basic form in
FIG. 2 for convenience of illustration. Pump radiation pref-
erably has a wavelength of about 940 nm or about 976 nm.
Several thin-disk pumping schemes are well-known in the art.
These include non-coaxial multi-pass pumping and coaxial
multi-pass pumping. These and any other pumping schemes
and any Yb-doped gain-medium may be used without depart-
ing from the spirit and scope of the present invention. (See, for
example, U.S. Pat. Nos. 5,553,088 and 6,778,580, both of
which are incorporated herein by reference.)

Continuing with reference to FIG. 2, pulses delivered from
laser 12 are focused by a lens 26 into a relatively short length
28 of an optical fiber. Fiber 28 is a passive fiber, i.e., the fiber
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core is not doped to provide optical gain. The fiber can be a
silica or phosphate glass fiber and is preferably a polarization-
maintaining (PM) fiber. The purpose of the fiber 28 is to
broaden the spectral bandwidth of the pulses by self phase
modulation (SPM). For pulses having the average power and
duration estimated above at the 80 MHz PRF, a length of fiber
of about 10.0 centimeters (cm) will broaden the spectral
bandwidth of the pulses to about 30.0 nm. The spectral broad-
ening occurs without a significant loss of average power.
Another passive spectral broadening element such as a pho-
tonic crystal fiber or a slab waveguide may be used in place of
fiber 28.

Spectrally broadened pulses delivered from fiber 28 are
collimated by a lens 30 and delivered to a pulse-compressor
32. Pulses having a duration of 300 fs or less after compres-
sion are desired. The spectral broadening increases the
amount of compression possible compared with that of pulses
having the original 10.0 nm bandwidth. A grating-pair pulse-
compressor is preferred for compressor 32. This and other
pulse compressor types are well known in the art and a
detailed description thereof is not necessary for understand-
ing principles of the present invention. Accordingly, such a
detailed description is not presented herein.

Such a pulse-compressor is typically able to temporally
compress 400-fs pulses to a duration of about 100 fs. The
pulse-compression does not occur without loss of power. A
reduction of average power from the exemplary 10.0 W to
about 7.0 W can be expected as a result of the pulse-compres-
sion. This is due primarily to less-than-100% diffraction effi-
ciency of gratings in the grating pair. The temporal pulse
compression does, however, result in an increase in peak
power of the compressed pulses despite the average-power
loss. This is important in the next stage of operation of the
inventive laser apparatus.

In this next stage of operation, pulses compressed by pulse-
compressor 32 are delivered to an optically non-linear crystal
34 arranged for second-harmonic generation (SHG). Crystal
34 converts a portion of fundamental radiation in the pulses
into second-harmonic radiation having a frequency twice that
of the fundamental radiation and, accordingly, a wavelength
one-half that of the fundamental wavelength radiation.
Accordingly the second harmonic radiation will have a wave-
length between about 510 nm and 520 nm. A crystal of BiBO
is preferred for crystal 34 due to its relatively wide spectral
acceptance bandwidth. However, this not be considered as
limiting the present invention to any particular optically non-
linear crystals.

The efficiency of second-harmonic generation for any par-
ticular optically nonlinear crystal is directly dependent on the
peak power (intensity) of radiation being converted. Accord-
ingly, compressing the duration of the mode-locked pulses
(with the attendant increase in peak power thereof) at this
point in the inventive laser to the desired final duration of the
pulses to be delivered by the laser improves the efficiency of
the SHG process in crystal 34.

It is estimated that the exemplary 7.0 W of average power
of fundamental radiation input into crystal 34 will resultin a
SHG average-power output of about 3 W. The second-har-
monic radiation is designated in FIG. 2 by double arrowheads
2H. For a fundamental wavelength between 1024 nm and
1040 nm, the second-harmonic wavelength will be between
about 512 nm and 520 nm. For the exemplary 1028-nm fun-
damental wavelength the second-harmonic (2H) wavelength
will be 514 nm. Residual (unconverted) fundamental radia-
tion is separated from the 2H-radiation by a dichroic mirror
36 and the 2H-radiation is directed into the nonlinear crystals
inside the optical parametric oscillator.
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Mode-locked laser 12, spectral-broadening fiber 28, pulse
compressor 32 and second-harmonic generator provide an
optical pump engine for an optical parametric oscillator
(OPO) 40. OPO 40 has a traveling-wave unidirectional reso-
nator 41 formed by mirrors 42, 44, 46, and 48 in a “bow-tie”
arrangement. Included in resonator 41 between mirrors 42
and 44 is an optically nonlinear crystal 50 arranged for optical
parametric generation (OPG). Crystal 50 divides a portion of
the 2H radiation into two frequency components each having
frequency less than the 2H-frequency, i.e., a wavelength
longer than the 2H-wavelength. The sum of the two OPG-
frequencies is equal to the 2H-frequency as is known in the
art. The shorter and longer of the two OPG-wavelengths are
traditionally referred to as the signal-wavelength and idler-
wavelength respectively. In terms of power in the two wave-
lengths, the signal-wavelength is the more powerful. Signal
and idler radiation components are designated in FIG. 2 by
arrowheads S and L respectively. The signal pulse will have
about the same duration as the duration of pulses delivered
from the pulse compressor.

Suitable materials for optically nonlinear crystal 50
include barium borate (BBO), bismuth borate (BiBO),
lithium borate (LBO), and potassium titanyl phosphate
(KTP). Crystal 50 may also be of a periodically poled (PP)
material such as PPKTP, strontium lithium tantalate (PPSLT),
and periodically poled lithium niobate (PPLN).

The signal and idler wavelengths may be tuned in the case
of conventional crystal materials by selectively rotating (tilt-
ing) crystal 50 about an axis perpendicular to the beam direc-
tion as illustrated schematically in FIG. 2 by arrows T. Tuning
may also be accomplished by selectively varying the crystal
temperature. Periodically poled material may be provided
with a progressively varying poling-period (grating) across
the width of the period-poled element such that tuning can be
accomplished by translating the element perpendicular to the
beam direction in the direction of the grating. All of these
tuning methods are known in the art. Accordingly, only one of
the methods is depicted to avoid unnecessary repetition of
drawings.

Resonator 41 is preferably arranged to be resonant at the
signal wavelength and is illustrated, so arranged, in FIG. 2.
The resonator may be made double resonant, i.e., resonant for
both the signal—an idler-wavelengths, without departing
from the spirit and scope of the present invention. In the
singly-resonant arrangement of resonator 41, mirror 42, 46,
and 48 are each highly reflective for a predetermined range of
wavelengths selectable by tuning as described above. Mirror
44 is made partially reflective and partially transmissive at the
range of signal wavelengths to allow those wavelengths to be
coupled out of the resonator. Mirror 42 is highly transparent
for the 2H-radiation. Mirror 44 is highly transparent for the
2H, and idler wavelengths. Idler and residual 2H-radiation is
separated from the signal-radiation output by a dichroic mir-
ror 52.

It is particularly important that the round-trip length of
resonator 41 is selected such that the round-trip time of a
signal-radiation pulse in the resonator is an integer multiple of
pulse-repetition period of the 2H-radiation pulses (pump-
pulses) input into the resonator. The pulse-repetition period of
the 2H-radiation pulses of course is the same as the pulse-
repetition period of the mode-locked pulses from the mode-
locked laser. Making the round trip time in the OPO resonator
equal to an integer multiple of this pulse-repetition period
synchronizes the arrival of signal-radiation pulses and pump-
pulses in crystal 50. Fine tuning of the resonator length may
be accomplished by making one resonator mirrors 46 and 48
selectively movable as indicated in FIG. 2 by arrows A, using
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apiezo-electric actuator or the like (not shown). This resona-
tor length adjustment may also be used for maintaining the
resonator in resonance when the signal wavelength is
changed as a result of tuning.

It is estimated that the output power of signal radiation
would be about 1 Watt at the PRF of the mode-locked pump-
radiation pulses with the pulse duration being about 100 W. A
practical tuning range for the signal-wavelength is between
about 600 and 1100 nm. By reconfiguring the OPO-resonator
output wavelengths may be selected in a range between about
300 and 600 nm. A description of one such reconfiguration is
set forth below.

FIG. 3 schematically illustrates another preferred embodi-
ment 60 of laser apparatus in accordance with the present
invention. Apparatus 60 is similar to apparatus 10 of FIG. 2
with an exception that OPO 40 of apparatus 10 is replaced by
an OPO 62 configured to generate the second-harmonic ofthe
signal radiation for providing the shorter-wavelength tuning
range. To this end, the OPO resonator includes an optically
nonlinear crystal 64 in addition to OPG crystal 50. In the
resonator of OPO 62, mirrors 43 and 49 replace, respectively,
mirror 44 and 48 of OPO 40.

Mirror 43 is highly reflective for the signal-wavelength
range of tuning but highly transparent for the idler and pump
radiations. Mirror 49 is highly reflective for the signal-wave-
length range of tuning but highly transparent for the second-
harmonic wavelengths of the signal wavelength range (des-
ignated by double arrowhead S2) and functions to couple
these wavelengths out of the resonator as output of apparatus
60. Mirror 46 is selectively movable as discussed above for
tuning and synchronizing the OPO. It estimated that the out-
put power in the shorter-wavelength tuning range will be
about the same as that of OPO 40 discussed above.

The SHG crystal inside the OPO may have to be wave-
length tuned as the signal wavelength is changing. This can be
effected by changing the crystal temperature or in the case of
aperiodically poled crystals by moving a crystal with a lateral
progressively varied poling pitch perpendicular to the beam
as discussed above.

FIG. 4 schematically illustrates yet another preferred
embodiment 70 of laser apparatus in accordance with the
present invention. Apparatus 70 is similar to apparatus 60 of
FIG. 3 with an exception that mode-locked laser 12 of appa-
ratus 60, which is mode-locked by a SBR is replaced in
apparatus 70 by a mode-locked laser 72 which is mode-
locked by a Kerr lens mode-locking (KML) arrangement of
the type referred to by practitioners of the art as a “hard
aperture” KML arrangement.

Laser 72 has a resonator 74 terminated by a highly reflec-
tive mirror 76 and output coupling mirror 18. The resonator
includes the same thin-disk gain medium arrangement that is
used in laser 12 of apparatus 10 and apparatus 60. Resonator
74 is thrice folded, by concave mirrors 78 and 80, and by
reflective backing-mirror 22 of gain-medium 20. A Kerr-
effect element 82 is located at a beam waist position between
mirrors 78 and 80. One suitable element is a fused silica
element with Brewster-angled entrance and exit surfaces.
Other suitable materials included Sapphire and YAG. This
element is cooperative with an aperture 84 adjacent output
coupling mirror 18 for providing Kerr lens mode-locking of
resonator 74. One of the mirrors may be mounted on a motor-
ized translation stage or a coil-driven or piezo-driven actuator
element to provide the starting mechanism for the Kerr lens
modelocking. Instead of using a moveable HR mirror, an
alternate embodiment may use a saturable absorber mirror
instead to start the modelocking mechanism. As Kerr-lens
mode-locking is well known to practitioners of the art no
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further description is presented herein. (See, for example,
U.S. Pat. No. 5,079,772, incorporated herein by reference.)

Output characteristics of laser 72 are estimated to be simi-
lar to those of laser 12. The output characteristics of apparatus
70 accordingly will be similar to those of apparatus 60. Those
skilled in the art will also recognize, without further detailed
description or illustration, that laser 72 could be substituted
for laser in apparatus 10 without departing from the spirit and
scope of the present invention.

The present invention is described above with reference to
a preferred and other embodiments. The invention, however,
is not limited however to the embodiments described and
depicted herein. Rather the invention is limited only by the
claims appended hereto.

We claim:

1. Laser apparatus, comprising:

a mode-locked laser including a ytterbium-doped gain-
medium and arranged to deliver mode-locked laser-ra-
diation pulses having a fundamental wavelength, a first
spectral bandwidth, and a first pulse-duration and a rep-
etition period;

an optical element arranged to receive the mode-locked
pulses from the mode-locked laser and broaden the spec-
tral bandwidth of the pulses to a second spectral band-
width;

a pulse compressor arranged to compress the duration of
the bandwidth-broadened pulses to a second duration
shorter than the first duration;

a first optically nonlinear crystal arranged to frequency
convert the compressed pulses to provide frequency
converted pump pulses; and

an optical parametric oscillator arranged to be optically
pumped by the frequency converted pump pulses, the
optical parametric oscillator having a resonator includ-
ing a second optically nonlinear crystal arranged to fre-
quency-convert the pump pulses to signal-pulses having
awavelength longer than that of the frequency converted
pump pulses and tunable within a predetermined range.

2. The apparatus of claim 1, wherein said optical element is
a piece of undoped optical fiber.

3. The apparatus of claim 1, further including a third opti-
cally nonlinear crystal located in the resonator of the optical
parametric oscillator and arranged to frequency convert the
signal-pulses, with the frequency converted signal pulses
being delivered from the resonator of the optical parametric
oscillator as output pulses.
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4. The apparatus of claim 1, wherein the gain medium of
mode-locked laser is in the form of a thin disk having a
reflective coating thereon.

5. The apparatus of claim 1, wherein the mode-locked laser
is mode-locked by a saturable Bragg reflector serving as an
end mirror in a resonator of the mode-locked laser.

6. The apparatus of claim 1, wherein the mode-locked laser
is mode-locked by a hard-aperture Kerr-lens mode-locking
arrangement.

7. A method of generating tunable laser pulses comprising
the steps of:

generating mode-locked radiation pulses from a ytterbium-

doped gain-medium, said pulses having a fundamental
wavelength, a first spectral bandwidth, and a first pulse-
duration and a repetition period;

broadening the spectral bandwidth of the pulses to a second

spectral bandwidth;

compressing the duration of the bandwidth-broadened

pulses to a second duration shorter than the first dura-
tion;

frequency converting the compressed pulses in a first opti-

cally nonlinear crystal to provide frequency converted
pump pulses;

delivering the frequency converted pulses to an optical

parametric oscillator having a second optically nonlin-
ear crystal arranged to be optically pumped by the fre-
quency converted pump pulses; and

frequency converting the pump pulses into signal pulses in

said second optically nonlinear crystal, said signal
pulses having a wavelength longer than that of the fre-
quency converted pump pulses and being tunable within
a predetermined range.

8. The method of claim 7, wherein the step of broadening
the spectral bandwidth of the pulses is performed by trans-
mitting the pulses through a piece of undoped optical fiber.

9. The method of claim 7, further including the step of
frequency converting the signal pulses with a third optically
nonlinear crystal located within the optical parametric oscil-
lator.

10. The method of claim 7, wherein the gain medium is in
the form of a thin disk having a reflective coating thereon.

11. The method of claim 7, wherein the mode-locked
pulses are generated using a saturable Bragg reflector.

12. The method of claim 7, wherein the mode-locked
pulses are generated using a hard-aperture Kerr-lens mode-
locking arrangement.
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